[1] The tropical impact on the East Asian winter monsoon (EAWM) is examined in an ensemble of atmospheric general circulation model runs that use relaxation towards the ERA-40 reanalysis in the tropics for winters between 1960/61 and 2001/02 and performed with a recent version of the European Centre for Medium-Range Weather Forecasts model. 25% of the interannual variance of the EAWM can be reproduced in the ensemble mean by the model experiments with relaxation, even though the influence from ENSO appears to be weak. The implication is that there is the possibility of enhanced predictability for the EAWM resulting from improved forecast skill in the tropics as a whole. Prescribing observed sea surface temperature and sea ice without using relaxation cannot reproduce the interannual variability of the EAWM in our experiments, questioning the usefulness of uncoupled atmosphere models in this region, consistent with previous studies.
Introduction
[2] The East Asian winter monsoon (EAWM) is one of the most active components of the climate system in the northern hemisphere extratropical troposphere in winter [Chan and Li, 2004] . It is affected by cold air outbreaks from the region of the Siberian high pressure system and determines the number and the direction of cold surges over eastern and southern China where it impacts local winter climate. The low level northerlies associated with the EAWM are known to influence convection over the South China Sea, over the tropical maritime continent and even to impact the Australian summer monsoon [Zhang and Zhang, 2010] . On the other hand, the El Niño/Southern Oscillation (ENSO) phenomenon is thought to be an important forcing for the Asian monsoon, both during the summer and the winter season [Wang, 2006] as it influences convection over the maritime continent and therefore controls the tropical divergent circulation. Indeed, the interaction between ENSO and the winter monsoon has been found in several studies [Li, 1990; Zhang et al., 1997] , El Niño (La Niña) events corresponding to weaker (stronger) winter monsoons. Wang et al. [2008] have also noted a stronger influence of ENSO on the EAWM during the cold phase of the Pacific Decadal Oscillation (PDO) than during the warm phase. Nevertheless, Yang et al. [2002] note that a strong East Asian jet stream (EAJS) is associated with a strengthening of the EAWM, while also noting that the link between the EAJS and ENSO is weak.
[3] The northerly winds of the winter monsoon over East Asia are associated with the climatological pressure gradient between the Siberian high (SH) and the Aleutian low (AL) [Jhun and Lee, 2004] . During the late 1970s atmospheric and oceanic conditions around the North Pacific saw a significant decadal change [e.g., Trenberth and Hurrell, 1994] , affecting a number of regional climate patterns. At about the same time, the SH weakened [Gong and Ho, 2002] and the AL became stronger [Trenberth and Hurrell, 1994] . Overall, however, the EAWM intensity was weaker after the climate shift than before (Figures 1a-1c) . The forcing of the interdecadal change was attributed to the warming of the tropical oceans [e.g., Hu, 1997] and a weakening of the EAWM is also expected to continue in the course of further global warming [Hori and Ueda, 2006] . Zhou et al. [2008] show that atmospheric general circulation (AGCM) model experiments forced with observed sea surface temperatures and sea ice (SSTSI) fail to reproduce the interannual variability of global monsoonrelated precipitation over the ocean area, but can reproduce the global precipitation variability over land. These authors can also explain the global weakening trend in the annual precipitation range associated with the global monsoon system during the last half of the 20th century but find the opposite trend to that observed over Eastern Asia.
[4] In this paper we examine the impact of the atmospheric tropical circulation and of observed SSTSI anomalies on the variability of the winter (December/January/February -DJF) mean EAWM over the period 1961 to 2002 (where year 1961 refers to the winter 1960/61 etc.). We use data from the ERA-40 reanalysis and also experiments using the European Centre for Medium-Range Weather Forecasts (ECMWF) model. We find that prescribing the historical evolution of global SSTSI in an AGCM is not sufficient to reproduce the interannual variability of the EAWM but that using relaxation within the tropical atmosphere leads to much better results. Furthermore, we investigate to what extent our forcings can reproduce the weakening trend of the EAWM. The experiments are run for 42 winters from 1960/61 to 2001/02 as in Greatbatch et al. [2012] and are described in section 2.1. Section 2.2 gives an outline of the statistical technique used to analyse the model output and the definitions of the indices used in this study are presented in section 2.3. The results of our model experiments are described in section 3 and a summary and discussion is given in section 4.
Methods

Model and experimental setup
[5] The numerical model used for our experiments is a recent version of the ECMWF AGCM (cycle 36R1). The model was run at a horizontal resolution of T159 with 60 levels in the vertical, the same as used to create the ERA-40 reanalysis data [Uppala et al., 2005] , avoiding the need for interpolation when relaxation is applied. The relaxation technique is a method to draw certain parts of the climate model towards a prescribed state which in our case is given by the reanalysis data set ERA-40. In fact, there is an extra term added to the model:
where x represents the model state vector and x ref is the reference field towards which the model is drawn. The actual parameters directly affected by the relaxation in our case are the horizontal velocity components u and v, temperature T and the logarithm of the surface pressure ln(p s ). l = al 0 defines the strength and region of the relaxation; in our case the timescale of the relaxation is determined by l 0 = 0.1 h À1 . The region given by a defines the tropics as the belt between 20 N and 20 S, with a hyperbolic transition of 20 width so that l increases from zero to l 0 from 30 to 10 N/S (an illustration of the relaxation coefficient can be found in Jung et al. [2010] , Figure 1 ).
[6] The following experiments were performed: OBS-NO: The relaxation parameter l is zero everywhere, but the model sees the daily evolution of global SSTSI prescribed from the ERA-40 data.
CLIM-TROPICS:
Here the relaxation is applied as described above at all model levels, i.e., throughout the depth of the tropical atmosphere. The lower boundary condition is given by the climatological seasonal cycle of SSTSI in ERA-40 obtained from the period 1979 to 2001, when satellite data was available.
OBS-TROPICS: Here the forcings of the former two experiments are combined so that in addition to the relaxation as in CLIM-TROPICS, the evolution of daily SSTSI is prescribed at the lower boundary as in OBS-NO. With tropical relaxation, the effect of specifying SST in the tropics is completely overwhelmed, so that in OBS-TROPICS the additional forcing compared to CLIM-TROPICS is given by the specified extratropical SSTSI.
[7] For each winter and for each experiment, an ensemble of 12 members was integrated. Each of the 12 members was run with a slightly different initial condition taken from the beginning of November before each winter and every integration was started on November 1st. All analysis described in this study is based on anomalies obtained by subtracting the climatology from each field. The climatology was computed separately for each experiment in order to focus on the differences in the dynamics rather than on the climatologies of the different experiments.
[8] The reader is referred to Greatbatch et al. [2012] for more details on the experiments and Hoskins et al. [2012] who give a detailed theoretical discussion of the relaxation method as applied to the tropics. 
Monte Carlo experiments
[9] For each experiment 12 Â 42 = 504 realisations are available from which the different indices (e.g., EAWM SLP , see below) can be computed. To test the strength of the forcing in each experiment, a large number (10,000) of possible realisations of a particular index is obtained by randomly choosing for each year one of the 12 available index values. Then the correlation is computed between each of the new time series for that index and the time series obtained from the reanalysis. The shift of the resulting probability density function (PDF) away from zero then indicates the strength of the forcing.
[10] In a similar way the influence of a forcing on trends over the whole 42 year period can be tested. Instead of calculating correlations, the linear trends of the different possible realisations are computed to produce histograms of their trends and compare them to the trend from the reanalysis. The extent to which the PDF of trends of each experiment is shifted towards the trend in the reanalysis indicates the influence of the forcing in each experiment on the trend. It is also possible to see whether the trend in the reanalysis is possible within the context of a particular experiment.
Indices used in this study
[11] Apart from the NINO index, all indices below are computed from the ERA-40 reanalysis. The interannual correlations between the time series of DJF means of all indices are listed in Table 1 . In the following the term "significant at the 95% (99%) level" refers to the 95% (99%) confidence level obtained by a Student's t-test (assuming 42 degrees of freedom and a null-hypothesis of zero correlation) which is reached at a correlation of r = 0.31 (r = 0.40). Assuming 42 degrees of freedom implies that there is only weak autocorrelation, i.e., no memory from one winter to the next, and it should be borne in mind that autocorrelation increases the significance thresholds.
[12] 1. NINO: The DJF mean NINO 3.4 SST index (called NINO index hereafter) as a measure for ENSO is taken from the Web site of the National Center of Atmospheric Research [Trenberth and Stepaniak, 2001] . It is defined as the area average of SST in the eastern tropical and is used to demonstrate how the EAWM and ENSO are related to each other (see Table 1 ). ENSO was found to change in the course of the 1976/77 climate shift with more warm events after the shift [e.g., Trenberth et al., 2002] .
[13] 2. SHCI: The SH serves as the source of cold air masses which are moved southward by the EAWM and the SH interannual variability in winter is closely (positively) correlated to that of the EAWM SLP (see Table 1 ). Gong and [Chan and Li, 2004] which, by geostrophy, is a measure of the strength of the northerly winds associated with the EAWM. The EAWM SLP index is significantly correlated to the SHCI index and also to the Pacific North America pattern index (PNA, see below) which measures the strength of the AL. It is also highly correlated with many of the other EAWM indices listed in Wang and Chen [2010] . The intensity of the EAWM weakened during our analysis period (see Figures 1a-1c ) resulting in a negative linear trend [Wang et al., 2009] . Its correlation with the NINO index is negative, but not significantly different from zero at the 95% level. In the analysis of our model experiments we concentrate on this index as the central indicator for the EAWM and we use the SHCI index to investigate the SH.
[15] 4. EAJS U200 : The EAJS is the upper tropospheric feature of the circulation system in the east Asian region. It is intensified both by the southward spread of the cold air from the SH region due to the EAWM and by the enhanced Hadley cell circulation due to enhanced convection in the tropics associated to the EAWM [Yang et al., 2002] . The EAJS index is defined as the area average of zonal wind anomalies at 200 hPa within the region 30 -35 N and 130 -160 E [Yang et al., 2002] and is significantly correlated with the EAWM SLP index (0.72 for the detrended time series, indicating a close relationship) but there is no correlation to the NINO index, consistent with Yang et al. [2002] .
[16] 5. PNA: The strength of the AL is measured by the PNA (SLP) index of Trenberth and Hurrell [1994] which is defined as the negative of the area average of SLP within the region 30 -65 N and 160 E-140 W. There is a significant correlation between the PNA index and the EAWM SLP and EAJS U200 indices while the highest correlation is found with the EAJS U200 index, indicating the remote influence of the East Asian jet. There is no significant correlation between the SHCI index and the PNA index, indicating that the variability of the SH is independent from that of the AL. Furthermore, the PNA is known to be influenced by the tropical Pacific, as can be seen in the significant positive correlation between the PNA index and the NINO index.
Model results
[17] In Figure 1 the EAWM SLP and the SHCI indices from reanalysis data and the model ensemble means are shown. The grey shading measures the spread of the ensemble members. The EAWM SLP and SHCI indices are all normalized by the standard deviation of the corresponding index from the reanalysis. Similar plots for the PNA index can be found in Greatbatch et al. [2012] .
[18] With few exceptions, the EAWM SLP index obtained from the reanalysis lies within the range of the ensemble members of all experiments shown in Figures 1a-1c , indicating that the evolution of the EAWM SLP index in the reanalysis is a possible realisation in our model runs. The amplitude of the ensemble mean time series is, nevertheless, reduced compared to that of the EAWM SLP index from the reanalysis, being highest for OBS-TROPICS. The correlations between the ensemble mean EAWM SLP indices and the index from the reanalysis clearly show the importance of the tropical influence on the northerly winds over Eastern China as they are significantly different from zero at the 99% level for CLIM-TROPICS and OBS-TROPICS. OBS-NO, on the other hand, yields a low and insignificant correlation between the ensemble mean EAWM SLP index and the corresponding index from the reanalysis.
[19] Figure 2a shows the distributions of correlations between possible realisations from the model experiments and the EAWM SLP index from the reanalysis (see section 2.2). Only for the experiments CLIM-TROPICS and OBS-TROPICS is there a strong shift in the distribution to the right, indicative of influence from the imposed forcing. For these two experiments negative correlations lie almost entirely outside the 99% range of the distributions. The weak performance of OBS-NO in representing the winter monsoon suggests deficiencies in the representation of oceanatmosphere coupling processes at low latitudes in atmospheric models driven by specified SST [see also Copsey et al., 2006] . This is despite including the specified observed interannual variation of SST associated with ENSO as well as the land-sea thermal contrast (thought to be the forcing of the monsoon circulation).
[20] For the SHCI, the index from the reanalysis mostly lies within the range of our ensemble members shown in Figures 1d-1f . The variances of the ensemble means are slightly lower than for the EAWM SLP ensemble mean indices, indicating a weaker influence from the imposed forcing.
Overall the interannual correlations for the ensemble mean indices are lower than for the EAWM SLP index. In the case of CLIM-TROPICS the correlation is only marginally significant, suggesting now only a weak influence from the tropics. A higher correlation is found in OBS-TROPICS when the influence of extratropical SSTSI is included. The correlations between the indices from possible realisations and the index from the reanalysis (Figure 2b) show a similar result with an improvement when prescribing extratropical SSTSI. This indicates the importance of the variability of extratropical SSTSI for the SH. One possibility is that the variability of Arctic sea ice is influential on the SH. This is consistent with Wu et al. [2011] and also Petoukhov and Semenov [2010] who state that sea-ice coverage in the Barents-Kara Sea can influence the continental surface temperature across Eurasia. In the case of OBS-NO, the correlation between the ensemble mean index and the index from the reanalysis is not significant, with the implication that the influence of extratropical SSTSI is only revealed when correctly representing the tropics, as in OBS-TROPICS.
[21] Finally, we take a look at the linear trends of the EAWM SLP and the SHCI indices over the full 42 year period. The PDFs of possible linear trends in the different experiments have been compared with the trends from the reanalysis (not shown). The negative linear trend of the EAWM SLP in the reanalysis is À0.25s/10 y. This lies inside the 95% range of possible linear trends of both OBS-NO and OBS-TROPICS while it is outside the 99% range of possible trends in CLIM-TROPICS. The mean of the PDF of trends of OBS-TROPICS is also shifted strongest (À0.04s/10 y, 16% of the reanalysis trend) towards the negative EAWM trend. These results suggest a role for extratropical SSTSI on the trend in the EAWM SLP index.
[22] The linear trend (À0.4s/10 y) in the SHCI index from the reanalysis is particularly strong and is significantly different from zero at the 99% level (assuming that each year is independent from the other). This trend lies outside the 99% range of possible trends of all experiments. The PDF of trends of OBS-TROPICS is, nevertheless, shifted the most towards the trend in the reanalysis. The mean of the trend distribution in this case is 20% of the reanalysis trend magnitude (À0.08s/10 y). OBS-NO (À0.03s/10 y) and CLIM-TROPICS (À0.05s/10 y) show a weaker signal in the mean of possible linear trends. Overall, the evolution of the tropics in combination with the extratropical SSTSI anomalies appears to be the strongest influence on the trends in the EAWM SLP and SHCI indices according to our experiments.
Summary and discussion
[23] Although in the observations, the correlation between the EAWM SLP and NINO indices is weak (but still negative as found in other studies), our experiments suggest a strong influence of the tropical circulation on the interannual variability of the EAWM with at least 25% of the interannual variance of the EAWM SLP index captured by the ensemble mean index of the tropical relaxation experiments. Despite the possibility that our results may depend on both the model used for our study and the choice of indices we have analyzed [see Wang and Chen, 2010] , this is in general agreement with the tropical influence found in previous observational studies [e.g., Li, 1990; Zhang et al., 1997] but also suggests that variability in the tropics other than ENSO is important for forcing the EAWM. The influence is probably mostly by circulation anomalies in the tropical Pacific and Indian Ocean sectors, a hypothesis not verifiable with our experiments and a possible field for further study. Nevertheless, with improved seasonal forecast skill in the tropics, our results suggest a corresponding enhanced predictability of the EAWM, consistent with recent results from Li and Wang [2012] .
[24] Our experiments can only account for a small part of the weakening trends in the EAWM SLP index and the SHCI index during the analysis period. Nevertheless, extratropical SSTSI, combined with a proper representation of the tropics (OBS-TROPICS) appears as the strongest influence on the trend in our experiments. Since the global warming signal is part of the trend in both the tropics and extratropical SSTSI, it is possible that the trends seen in the EAWM SLP index and the SHCI index are in turn being influenced by global warming. It is also possible that including the changing anthropogenic radiative forcing in the model would have improved the model's ability to reproduce the trends.
